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ABSTRACT
Pulsar glitches are sudden increases in the spin frequency of an otherwise steadily
spinning down neutron star. These events are thought to represent a direct probe
of the dynamics of the superfluid interior of the star. However glitches can differ
significantly from one another, not only in size and frequency, but also in the post-
glitch response of the star. Some appear as simple steps in frequency, while others
also display an increase in spin-down rate after the glitch. Others still show several
exponentially relaxing components in the post-glitch recovery. We show that if glitches
are indeed due to large scale unpinning of superfluid vortices, the different regions
in which this occurs and respective timescales on which they recouple can lead to
the various observed signatures. Furthermore we show that this framework naturally
accounts for the peculiar relaxations of glitches in Anomalous X-ray Pulsars.
1 INTRODUCTION
Neutron Stars (NSs) are some of the few objects that al-
low us to study the physics of matter at extreme densi-
ties and in strong gravity. Not only do the central densi-
ties of these objects exceed nuclear saturation density, but
the core temperature of a mature NS is also expected to
be below the superfluid transition temperature (Baym et al.
1969; Page et al. 2011; Shternin et al. 2011). The presence
of a superfluid component significantly modifies the dynam-
ics, allowing for the superfluid in the star to flow relative
to the “normal” component and act as a reservoir of angu-
lar momentum. A direct manifestation of this is given by
pulsar glitches, i.e. sudden increases in the frequency of an
otherwise steadily spinning down NS.
Glitches are generally attributed to a large scale su-
perfluid component in the interior of the star that is only
loosely coupled to the crust and the magnetosphere. The
sudden recoupling of such a component would then lead to
the rapid transfer of angular momentum and to a glitch
(Anderson & Itoh 1975). In particular, a superfluid rotates
by forming an array of quantised vortices, which are being
expelled as it slows down. In a NS however, vortices can
“pin” (i.e. be strongly attracted) to the ions in the crustal
lattice or to magnetic flux tubes in the outer core (Alpar
1977; Link 2003). If this is the case vortices cannot move out,
the superfluid does not follow the spin-down of the crust and
lags behind, storing an excess of angular momentum. Once
a sizable lag builds up, hydrodynamical lift forces (Magnus
forces) acting on the vortices will unpin them, giving rise
to sudden vortex motion and the glitch. Recent work has
shown that this mechanism can successfully account for the
distribution in glitch sizes and waiting times (Melatos et al.
2008; Melatos & Warszawski 2009) and model giant glitches
in the Vela and other pulsars (Pizzochero 2011; Haskell et al.
2012; Seveso et al. 2012).
In general glitches appear as an abrupt increase in the
spin frequency, typically accompanied by an increase in spin-
down rate. Glitch sizes can span several orders of magnitude
even in the same object and the post-glitch recovery can be
quite different from glitch to glitch. Some events, such as
the large glitches observed in the Vela pulsar, show an ex-
ponential relaxation, on timescales from minutes to months,
towards the previous spin-down rate (Cordes et al. 1988;
McCulloch et al. 1990). More often glitches are associated
with a permanent increase in the spin down rate, that leads
to linear recovery. Other glitches still appear as a simple step
in frequency that does not recover at all. Furthermore the
different kinds of glitch recovery can appear in the same ob-
ject (Espinoza et al. 2011; Yu et al. 2013). Glitches have also
been observed in several Anomalous X-ray Pulsars (AXPs),
which are thought to be strongly magnetised NSs, magne-
tars. In terms of absolute sizes AXP glitches do not differ
much from those observed in regular radio pulsars, however
they are often associated with radiative events (Israel et al.
2007; Gavriil et al. 2011), and the post-glitch recoveries are
also remarkable in many ways, with many featuring recover-
ies with large fractional increases in the spin-down rate over
long timescales (weeks or months) (Dall’Osso et al. 2004;
Dib et al. 2008).
In this paper we address two issues. First of all we show
that the vortex unpinning paradigm can explain the differ-
ent kinds of relaxation, depending on the coupling timescale
of the region that unpins. Secondly we will show that the
same mechanism giving rise to glitches in radio pulsars can
naturally produce smaller glitches in hotter stars such as
magnetars and young pulsars like the Crab, but also lead to
a strong relaxation in magnetars.
We model the NS as a two fluid system of superfluid
neutrons and a charged component, composed of ions, pro-
tons, electrons and all non-superfluid components tightly
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Figure 1. The left panel presents an example of the coupling timescales in the core and crust before a glitch. The crust/core interface
and the stellar radius R are indicated. The middle panel shows the coupling timescales during a relaxing glitch. During such a glitch a
section of the superfluid recouples on very short timescales, thus leading to part of the core to decouple and participate in the post-glitch
relaxation. The right panel shows the coupling timescales during a slow, step-like, glitch. The section of the superfluid that gives rise to
the glitch recouples on a much slower timescale than that associated with the core, which remains essentially always coupled. The slow
timescales associated with the crustal region (in which vortices will be “creeping” out) leads to no observable relaxation, but rather to
permanent steps in frequency and frequency derivative.
coupled to them. The two components are coupled by an
interaction known as Mutual Friction (MF), which is me-
diated by the quantised vortices of the neutron superfluid
(Andersson et al. 2006). We will not, however, model vor-
tex motion, but rather investigate the macroscopic motion
of two fluids, using the formalism of Andersson & Comer
(2006). Following Haskell et al. (2012) we can write the
equations of motion for the angular frequency of the two
components (Ωp for the charged component, Ωn for the su-
perfluid neutrons) in the form:
Ω˙n(r˜) =
Q(r˜)
ρn
1
1− εn − εp
− f(εn)
A
Ip
Ω3p (1)
Ω˙p(r˜) = −
Q(r˜)
ρp
1
1− εn − εp
− g(εn)
A
Ip
Ω3p (2)
where r˜ is the cylindrical radius and Ip the moment of
inertia of the charged component. We have defined Q(r˜) =
ρnκnmB(Ωp−Ωn) with κ the quantum of circulation, nm the
density of “free” vortices (which contribute to MF), and A =
B2 sin θ2R6/6c3 with B the surface magnetic field strength,
θ the inclination angle between the field and the rotation
axis and R the stellar radius. The coefficient B is the dissi-
pative MF coefficient, which quantifies the strength of the in-
teraction between vortices and the charged component. The
entrainment coefficients are εn and εp, and describe the non-
dissipative coupling between the fluids (Andersson & Comer
2006). The functions f(εn) and g(εn) are such that in the
limit of vanishing entrainment g(εn) = 1 and f(εn) = 0
(Andersson et al. 2012). For simplicity we take εn = εp = 0
in the following, although these parameters can be absorbed
in the rescaling of the parameter B in equations (1-2). Strong
entrainment, however, also reduces the maximum lag that
can be built up between the two fluids, and thus the amount
of angular momentum that can be exchanged. This proves to
be a strong constraint for glitch models that only involve the
NS crust (Andersson et al. 2012; Chamel 2013), although it
can be reconciled with models such as those presented here
in which the larger glitches involve the decoupling of part
of the core (Haskell et al. in preparation, Hooker et al. in
preparation). In the presence of a pinning force vortices are
not free to move unless the lag between the two components
exceeds a certain threshold. We shall use the realistic pro-
files obtained by Pizzochero (2011); Haskell et al. (2012) for
the critical lag Ωp − Ωn. Below this threshold vortices are
pinned and we set B = 0 in equation (1). Once vortices have
unpinned they are free to move out. In the crust, however,
many will repin and only a fraction will be free to move and
contribute to the drag force. Following Jahan-Miri (2006) we
assume that the instantaneous number density of free vor-
tices nm is given by nm = ξnv where nv is the total number
density of vortices, and ξ is the fraction of unpinned vortices
at a given time. By averaging over time we can obtain an
effective drag parameter B˜ = ξB.
The mechanisms that give rise to MF, and thus deter-
mine B, are different in different regions of the star and can
vary by several orders of magnitude. In the core MF is ex-
pected to be reasonably strong, with drag parameters of the
order of B ≈ 10−4 (Andersson et al. 2006), due to electron
scattering of magnetised vortex cores (Alpar et al. 1984). In
the crust on the other hand the main dissipative mechanism
is the excitation of sound waves in the lattice, which leads
to a weak drag (Jones 1992). If the relative velocity between
vortices and ions is high (≈ 102 cm/s) it becomes possible to
excite Kelvin waves of the vortices, leading to strong dissipa-
tion and fast coupling (Epstein & Baym 1992; Jones 1993).
The actual values of the drag parameters are highly uncer-
tain and depend strongly on velocity and vortex rigidity. In
the following we assume that for sound waves one can have
B ≈ 10−6 and for Kelvin waves B ≈ 10−3 and study how
the solutions depend on variations of these parameters. We
consider a 1.4 M⊙ NS, with a radius R = 12 km, and take
the background equation of state to be a n = 1 polytrope.
The MF parameters are averaged over the length of a vor-
tex, and all parameters used are described in Haskell et al.
(2012).
Let us now examine how our setup could give rise to dif-
c© 0000 RAS, MNRAS 000, 000–000
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ferent classes of glitches. The general picture is the following:
vortices are pinned in certain regions of the star (possibly
the crust). In these regions vortex motion is impeded and
restricted to the small fraction that can creep out, which
leads to a significant lag building up. A glitch will occur
when vortices are rapidly unpinned in such a region and the
superfluid neutrons can then exchange angular momentum
with the normal component. We argue that the signature of
the glitch can depend strongly on how fast the superfluid
can react to the unpinning event, and where it takes place.
We can obtain a good approximation to the local cou-
pling timescale in each region of the star (Haskell et al. 2012)
by neglecting differential rotation and taking a constant pro-
ton fraction xp = ρp/(ρp + ρn) in equations (1) and (2).
Given an initial lag D0, this leads to a solution of the form
Ωp − Ωn ≈ D0 exp(−t/τ ), where the coupling timescale is:
τ ≈
xp
2ΩnB˜
(3)
In figure 1 we illustrate two possible scenarios by con-
sidering how the coupling timescale in (3) varies through-
out the star. We assume that the pinned region is in the
crust, but the argument is qualitatively identical if it is in
the outer core. We assume that vortices close to the rota-
tion axis cross through the core and are only weakly pinned
in the crust, while MF in the core leads to short coupling
timescales between the superfluid and the rest of the star.
As one moves towards the equatorial region the coupling
timescale increases and becomes long for those regions where
most vortices are pinned. At the moment of the glitch a num-
ber of vortices unpins, leading to an increased fraction of free
vortices ξ and thus to a larger MF parameter B˜ and a re-
duced coupling timescale, which gives rise to an observable
spin-up of the star. In the middle panel of figure 1 we can see
the case in which the coupling timescale in the region that
gives rise to the glitch becomes shorter than the timescale
on which the outer regions of the core are coupled. These
regions cannot follow the glitch and decouple, giving rise to
a strong relaxation as they recouple on the local timescale.
In the right panel we can instead see the case in which one
simply assumes that the increase of ξ in a region gives rise
to a coupling timescale that is short compared to that of
the pinned region, but still longer than that of most of the
core. In this case only the pinned region will decouple at
the glitch, and the recovery will proceed on the much slower
timescale associated with it and thus appear as a “perma-
nent” step in the spin down rate of the star.
2 RELAXING GLITCHES
Let us now focus on the glitches that show a significant relax-
ation. The prototype system for this kind of glitch is the Vela
pulsar, which shows relatively large glitches followed by an
exponential recovery. The frequency ν after the glitch takes
the form ν(t) = ν0(t)+∆ν+∆ν˙ t+
∑
i
∆i exp (−t/τi), where
ν0(t) is the pre-glitch spin-down solution. In recent glitches
up to five decaying terms have been fit, with timescales τi
that range from minutes to months. The shorter timescales
are associated with strong increases in the spin down rate,
which can be comparable to or larger than the pre-glitch
rate (Dodson et al. 2007). Relaxing glitches in AXPs appear
to be a “scaled-down” version of Vela giant glitches, in as
much as they are somewhat smaller (Vela glitches have steps
Bco 8× 10−5 8× 10−5 10−5 10−5
Bcr 10−9 5× 10−9 10−9 5× 10−9
∆ν(×10−7 Hz) 20 8.2 141 41.6
∆ν˙/ν (1 day) 0.37 0.19 64 20
∆ν˙/ν (50 days) 0.07 0.13 0.08 0.13
Table 1. Size of the glitch and magnitude of the increase in spin-
down rate after 1 and 50 days for a (magnetar-like) star spinning
at 0.011 Hz, for varying MF parameters in the crust (B˜cr) and
core (B˜co). Weaker MF parameters in the core, such as those
predicted in the case of vortices interacting with flux tubes in a
type II superconductor in the outer core (Link 2012) would result
in larger glitches and a strong increase in the spin-down rate after
the glitch.
of the order of ∆ν ≈ 10−5Hz, compared to ∆ν ≈ 10−8Hz
typically in AXPs) and show the kind of strong relaxation
that Vela glitches show on timescales of minutes to hours,
but on much longer timescales of days to weeks (Dib et al.
2008). It is thus interesting to ask whether the mechanisms
that is giving rise to them is the same as in the Vela.
The assumption is that such glitches are triggered once
the maximum lag that the pinning force can sustain is ex-
ceeded. Then vortices will move out rapidly, exciting Kelvin
waves. This leads to a glitch rise timescale shorter than the
timescale on which the outer regions of the core are cou-
pled. The outer core thus decouples and will subsequently
recouple on the local timescale given in (3), giving rise to
the observed relaxation. Such a mechanism was studied in
detail by Haskell et al. (2012), who were able to predict the
correct size and relaxation for the Vela giant glitches.
Let us now investigate whether relaxing glitches in mag-
netars can be due to the same mechanism. We start by not-
ing that the strong increase in the spin-down rate observed
on timescales of months in AXPs occurs quite naturally if
one assumes that the relaxation is given by regions of the
outer core re-coupling on the local coupling timescale given
by superfluid MF. If we consider the coupling timescale in
(3) it is clear that the same process will be much faster in a
pulsar such as the Vela, with ν ≈ 10Hz, than in a magnetar
rotating at ν ≈ 0.1Hz. One would thus expect that given
that in the Vela 2000 and 2004 glitches there are increases
in the spin-down rate of the order ∆ν˙/ν ≈ 0.5 associated
with decay timescales of τ ≈ 0.5 days (Dodson et al. 2007),
such a strong increase would naturally be associated with a
decay timescale of ≈ 50 days for a magnetar, as is observed
for example in the AXP 1RXS J17084 (Dall’Osso et al. 2004;
Dib et al. 2008).
The other main difference between Vela giant glitches
and relaxing glitches in magnetars is the size of the step in
frequency, which is smaller for magnetars (∆ν ≈ 10−8Hz)
than for the Vela and other radio pulsars that exhibit gi-
ant glitches (∆ν ≈ 10−5Hz). Several models predict smaller
glitches for younger, hotter objects (Alpar et al. 1984). For
example Glampedakis et al. (2009) assume that the larger
glitches are triggered by unstable modes in the strongly
pinned regions and naturally obtain smaller glitches for hot-
ter objects. The model of Haskell et al. (2012) also predicts
small glitches for hotter stars, as these would have a larger
creep rate and smaller equilibrium lag in the crust. It is thus
c© 0000 RAS, MNRAS 000, 000–000
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plausible that the same mechanism giving rise to the giant
glitches in Vela will produce smaller glitches in hotter stars,
such as magnetars and young pulsars.
To test this hypothesis we use the code developed by
Haskell et al. (2012), and solve the equations (1-2) as in the
models considered for the Vela, but using a spin frequency
typical for magnetars and a higher background MF param-
eter B˜cr in the crust. The latter is to account for a larger
vortex creep rate, due to the magnetar’s higher tempera-
ture. This naturally leads to a smaller region of the crust
that has not relaxed and can participate in the glitch. We
use B˜gl = 10
−3 for the rise. The results can be seen in table
1, in which we show the size of the glitch and the step in
frequency derivative after 1 day and after 50 days. As we
can see the results are consistent with the kind of glitches
seen in magnetars. Furthermore we predict that one should
be able to observe stronger increases in spin-down rate on
short timescales, if the MF in the outer core is weak, as
could be the case if protons are in a type II superconducting
state (Link 2012). Better coverage of AXP glitches thus has
the potential to constrain the MF parameters and determine
the nature of the pairing in the NS interior.
3 SLOW “STEP LIKE” GLITCHES
Let us now turn our attention to glitches that are associated
with “permanent” increases in the spin down rate but with
no appreciable relaxation. Our assumption is that this kind
of glitch, unlike relaxing glitches, is not due to the vortices
that have accumulated close to the maximum of the criti-
cal lag, but rather involve regions far from the maximum,
in which vortices are “creeping” out. While the sudden re-
lease of vortices close to the maximum of the critical lag
could excite Kelvin waves (and thus give, during the rise,
Bgl ≈ 10
−3
− 1) and lead to short coupling timescales, in
the case we consider now, the coupling timescale of the re-
gion giving rise to the glitch would decrease compared to
that of the crust, but still be significantly longer than the
coupling timescale of the core, as shown in the right panel
of figure 1. The core will thus not decouple and give rise
to a visible relaxation, but the crust will be decoupled on
long timescales, leading to what will appear as a permanent
increase in the spin-down rate.
We will study this problem by once again using the
code of Haskell et al. (2012) to solve the equations in (1-2).
First of all we allow for the crust to reach a steady state,
in which the two fluids are spinning down together with
a lag between the two of ∆Ω ≈ Ω˙
2ΩB˜cr
. In this background
configuration we use B˜cr = 5×10
−9. We now take a region of
varying thickness at the base of the crust and switch the MF
parameter to B˜gl = Bcr ≈ 10
−6. This will be the situation
if, for example, a sudden event, such as a crust quake or a
vortex avalanche (Ruderman 1969; Melatos & Warszawski
2009) frees the vortices in this region, leading to ξ ≈ 1.
The results can be seen in figure (2). In the left panel
we see that the size of the region over which vortices are
freed (i.e. the extent of the avalanche or crust quake) has
a strong influence on the size of the glitch, but little influ-
ence on the increase in spin-down rate. This can be easily
understood if one considers the equations of motion in (1-
2) locally in the crust, neglecting differential rotation and
electromagnetic spin down. From angular momentum con-
servation we see that the size of the glitch ∆ΩG will depend
on the lag ∆Ω between the superfluid and the charged com-
ponent via ∆ΩG =
Ig
Ic
∆Ω, where Ig is the moment of inertia
of the regions in which vortices unpin, while Ic is the mo-
ment of inertia of the region that is coupled fast enough to
follow the rise of the glitch. The size of the region in which
vortices unpin thus determines Ig and is crucial for the step
size. The moment of inertia coupled during the glitch, Ic,
is, on the other hand, essentially the moment of inertia of
the whole core. The rest of the crust will be coupled on a
longer timescale compared to that of the glitch rise, given
that B˜cr ≪ B˜gl, and will thus decouple and only recouple
slowly on a timescale given by equation (3). If this timescale
is long compared to the timescale on which the post-glitch
relaxation is observed, the crust will be decoupled during the
whole period and the increase in the spin down rate will ap-
pear permanent. The star will spin down faster by a fraction
≈ Icr/Ic, with Icr the moment of inertia of the crust. For
a slow enough rise this fraction is approximately constant.
This can be seen in the middle panel of figure (2) in which
we show that the quantity ∆ν/ν varies little of increasing
B˜, until one gets to a value large enough that the rise is suf-
ficiently fast to involve a significant part of the core, giving
rise to a visible relaxation. We note that in all figures we
have assumed a spin rate of ν = 0.11 Hz, appropriate for
a magnetar, to illustrate that in this case the rise may be
slow enough (≈ 1 day) to be detected (see e.g. Woods et al.
(2004) for a possible detection of a slow rise). For a faster
pulsar the rise would be much faster and difficult to detect
even in this “slow” case (e.g. < 1 hour for the Crab).
Finally, let us note that a small number of glitches show
no observable increase in the spin down rate and are con-
sistent with being pure steps in frequency (Dib et al. 2008;
Espinoza et al. 2011). A sudden release of vortices in a re-
gion in which vortex creep has reached a steady state will
lead to decoupling of the rest of the crust and to an in-
crease in the spin-down rate after the glitch. If the increase
in mobility were, however, to take place while most of the
superfluid in the crust is still decoupled from the observed
charged component (e.g. because it is still strongly pinned
and far from equilibrium), one would still have a step in
frequency but there would be no alteration in the effective
moment of inertia and thus in the spin down rate. The region
that is now coupled on a short timescale will relax rapidly
to equilibrium and give rise to the glitch, while the other
crustal superfluid regions were already decoupled before the
glitch and remain decoupled after. The effective moment of
inertia thus remains substantially unaffected. We show an
example of a glitch in this setup in the right panel of figure
(2) in which we assume a sudden release of vortices while
the superfluid in the crust is decoupled. The result is a step
in frequency, with no visible increase in the spin-down rate.
4 CONCLUSIONS
We have presented an analysis of different kinds of glitching
behaviour in radio pulsars, and shown that glitches followed
by a strong relaxation may have the same origin as the gi-
ant glitches of the Vela pulsar, but naturally scaled down
in hotter, younger systems, such as the Crab or Magnetars.
Furthermore we have shown that the slower hydrodynamical
response to (possibly smaller) events due to random unpin-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. In the left panel we show the effect of changing the size of the unpinning region from 5 m to 80m at the base of the crust.
We switch from a background B = 5 × 10−9 to B = 8 × 10−7 during the glitch. The size of the region has a strong impact on the size
of the glitch, but little impact on the change in spin-down rate. In the middle panel we show how the increase in the spin down rate
becomes larger if one increases the value of B during the glitch, in an 80 m region, with a background B = 5 × 10−9. As B increases
(and the rise time decreases) ∆ν/ν passes from 0.9% for B = 8 × 10−7, to 1.3% for B = 9.5 × 10−7, and finally for B = 2 × 10−6 one
has a clear exponential relaxation. Finally in the right panel we have a glitch due to the increase in B from 5 × 10−12 (which mimics
perfect pinning) to 5× 10−7 over 8 m. The glitch appears as a step in frequency with no significant recovery. In all cases we consider a
star rotating at a frequency of ν = 0.11 Hz, and the pre-glitch spindown has been removed. The low spin rate leads to long rises of ≈ 1
day, which would be much shorter in a faster pulsar (< 1 hour for the Crab)
ning or crust quakes in the crust will lead to glitches that do
not appear to relax, but appear as steps in frequency and
frequency derivative. If the event takes place in a strongly
pinned region it will appear only as a step in frequency.
We have also argued that the same mechanisms that are
at work in radio pulsars could naturally give rise to the sizes
and particular recoveries observed in magnetar glitches. In
particular, the longer periods of magnetars would naturally
lead to a long-term strong increase in the spin down rate,
with no need for an additional mechanism to be involved.
The slower timescales associated with AXPs and SGRs make
such events especially interesting as they would lead to long
timescales for the rise, possibly of days, that could be ob-
served if one were to have better coverage of these objects.
This would allow to test this hypothesis and understand to
what extent these events do, indeed, have the same origin as
radio pulsar glitches and to which extent, on the other hand,
they could allow to probe the physics of the magnetosphere,
which is likely to play an important role (Lyutikov 2013)
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